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Abstract: In this paper, the two-temperature theory is used to examine a novel model that generalizes
the Moore–Gibson–Thompson (MGT) effect according to two-dimensional electronic/thermoelastic
deformation. The main equations for a semiconductor medium in the context of the impact of
rotation are explained in terms of the impact of the initial hydrostatic stress at the free surface. The
normal-mode approach is used to derive the precise formulae for the fundamental physical quantities
(i.e., normal displacement, normal load stress, electronic diffusion (carrier density), dynamic and
conductive temperature distribution) under the influence of the two-temperature coefficient. The
comparison with the base state is performed using linear stability analysis. To make some compar-
isons based on the various values of thermal memories, the influence of a number of novel parameters
is applied to each of our primary physical quantities, such as the rotation parameter and the initial
stress. An example of the main fields’ perturbation is also obtained and graphically described.

Keywords: rotation; Moore–Gibson–Thompson; photothermal; stability; harmonic wave; two-temperature

1. Introduction

Through the multiple studies of materials science, the importance of studies that are
conducted on semiconductors has been demonstrated. Semiconductors in recent studies
have shown many important applications in modern industries such as aircraft, electronics,
and sensors, as well as in the production of electrical energy from clean sources such as the
Sun. While semiconductors have unique properties among newly discovered materials,
they include materials that are not completely insulating—such as reinforced plastic—or
highly conductive materials such as copper. However, these substances undergo what
is known as photothermal excitation when they are subjected to sunshine, a laser beam,
or other light sources. In semiconductors, the movement of the electric current is caused
by the plasma, which is formed when internal electrons are internally excited by a rise
in temperature and migrate quickly to the surface. This preceding process is known as
electronic deformation (ED) of semiconductors. On the other hand, it is accompanied
by another blinding inside the material caused by internal particle collisions, which is
known as thermoelastic deformation (TED). The structural framework used to analyze
semiconductors is photo-thermoelasticity, which describes the interactions between electron
diffusion, thermal deformation, and elastic deformation. Technologies for renewable energy
are being developed using semiconductors and photothermal theory.
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Boit [1] presented the first theory of coupled thermoelasticity to resolve the inconsis-
tency in the idea of uncoupled thermoelasticity. The traditional Fourier heat conduction
rule serves as the foundation for the conventional dynamic theory of thermoelasticity (CD
theory). Because the resulting governing equation is parabolic in form, this theory assumes
that a thermal signal can travel at an unlimited speed. The standard thermoelastic model,
however, is physically unacceptable in some situations—such as a short-pulse laser heating
process, or under working settings for low temperatures—because the thermal conditions
cannot reach equilibrium during the brief work time. Therefore, it is more appropriate
to utilize an extended hyperbolic thermoelastic model to simulate these problems, since
this acknowledges that the thermal signal propagates at a finite speed. Many researchers
are familiar with and have conducted numerous studies using the Lord–Shulman (LS)
model [2], which has one relaxation period, and the Green–Lindsay (GL) model [3], which
has two relaxation times [4–6].

Gordon et al. [7] discovered an interactive sample that contains a photothermal lens
(a laser-based device that produces photothermal blooming), which led to the development
of the first photothermal technique. Later, Kreuzer [8] demonstrated that the use of laser
light sources allowed photoacoustic spectroscopy to be employed for the investigation of
sensitive materials. Measurements of thermal diffusivities, velocities of sound, bulk flow
velocities, surface thicknesses, and specific heats have all been subsequently carried out
using photothermal methods [9–12]. Modeling the complicated systems through simulta-
neous analysis of the associated plasma, thermal, and elastic wave equations constitutes
a general theoretical description of the TED and ED effects in semiconducting materials
during photothermal processes [13]. Several theoretical methods have been used to analyze
the connections between photothermal and thermoelastic equations. It is conceivable to
comprehend the physical properties of elastic semiconductor materials by using unique
methods that include modernized phase-lag techniques.

Chen et al. [14–16] presented a new theory of heat conduction in a deformed body that
describes a two distinct temperatures: the conductive temperature and the thermodynamic
temperature. According to Chen et al. [16], the difference between these two temperatures
is related to the amount of heat available. The two different temperatures are the same in a
time-independent situation when there is no heat source present. However, there is a gen-
eral difference between the two temperatures in time-dependent situations—particularly
for issues with wave propagation—regardless of the heat source. The results obtained
from using two-temperature thermoelasticity with multiple relaxation durations were
later examined by Youssef et al. [17–19], who demonstrated that they are qualitatively
different from those obtained when using one-temperature thermoelasticity. Quintanilla
and Tien [20] described the current stability of structural behavior, spatial behavior, and
two-temperature thermoelastic convergence.

Given the wide range of potential uses for high-intensity ultrasound in both medi-
cal and industrial settings—including lithotripsy, heat therapy, ultrasound cleaning, and
more—it is not unexpected that many studies have been conducted [21]. The Moore–Gibson–
Thompson equation has been used to simulate high-amplitude sound vibrations. A lot of
scientific research has been carried out recently on the MGT equation. There is excessive
consideration of fluid mechanics in this theory because it was derived using a third-order
differential equation. Quintanilla [22,23] developed an original thermoelastic MGT heat
transfer theory. The relaxation factor for the suggested new heat equation was added to
GN-III using the energy equation of Abouelregal et al. [24,25]. The thermoelasticity theory
was examined by Marin et al. [26] in the context of the MGT model’s initial values as deter-
mined by the dipolar elastic feature. However, the modified Green–Naghdi (GN) III model
was used to study the behavior mechanisms of thermo-optical waves according to a rotating
field of an elastic semiconductor medium [27]. When the thermoelasticity theory and a high-
intensity ultrasonic effect are employed using the MGT model, the variety of applications
increases greatly, as seen recently [28]. Lotfy et al. [29] presented stable analytical solutions
for the MGT model using a thermoelastic semiconductor excited medium.
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The transient evaluation of elastic semiconductor materials exposed to thermal and
optical plasma-imposed stress, as well as the stability of materials under the effects of
rotation and initial stress, has not been studied, according to a review of the literature. In
this paper, the two-temperature problem is investigated for a semiconducting material
during a photothermal MGT process in a two-dimensional free surface deformation under
the influence of mechanical force. In this phenomenon, the exact formulations of physical
quantities with two temperature parameters under the influence of rotation and initial
tension are obtained using the harmonic wave approach. The steady-field cases are obtained
by the addition of an infinitesimal disturbance to the main dynamic variables in the elastic
semiconductor to study the stability.

2. The Problem Description and the Basic Governing Equations

When the medium is in a rotating uniform case with an angular velocity Ω = Ω n
(where n is a unit vector taken in the direction of the rotation axis), in this case, the motion
equation has a two additional terms, as follows:

(1) Ω× (Ω× u), due to time-varying motion only.
(2) 2Ω× .

u, u is the displacement vector.

The equations of coupled plasma and thermal motion in this case according to the
generalized MGT model take the following form:

ρ[
..
ui + {Ω× (Ω× u)i}+

{
2Ω× .

u) i] =

σij,j = (µ− p
2 )∇2⇀u (

⇀
r , t) + (µ + λ− p

2 )∇(∇.
⇀
u (

⇀
r , t)− γ∇T(

⇀
r , t)− γn∇N(

⇀
r , t)

}
(1)

The focused variable quantities are N(
⇀
r , t), σij, and T(

⇀
r , t), which are defined as the

carrier intensity (density), stress tensor, and temperature distribution, respectively (where
⇀
r is the position vector). The main fields are stated in the xz plane with the time variable t
and initial stress p for the linear, homogenous, and isotropic semiconductor medium.

The link between plasma and thermal distribution can be introduced as follows [30,31]:

∂N
∂t

= De∇2N − N
τ
+ κ T (2)

where κ = ∂N0
∂T

T
t is a coupling parameter with thermal activation, and N0 is the equilibrium

carrier concentration at normal temperature.
The heat flux during thermal conductivity can be defined in terms of temperature gradient

as the following relationship, in accordance with Fourier’s classical law of heat conductivity:

q = −k∇ϕ (3)

The heat equation is as follows:

ρ Ce
∂T(

⇀
r , t)

∂t
= k∇2 ϕ(

⇀
r , t)−

Eg

τ
N(

⇀
r , t)− γT0∇.

∂
→
u (

⇀
r , t)

∂t
(4)

where Ce denotes the specific heat of the exciting material. The most popular theory is that
of Maxwell and Cattaneo, which modifies the Fourier law utilizing a constitutive equation
involving the positive relaxation time τ0, as follows [28]:(

1 + τ0
∂

∂t

)
q = −k∇ϕ (5)

Green and Naghdi [29] provide a novel model (GN-III) for heat conduction, which
has the following constitutive equation:

q = −[k∇ϕ + k∗∇υ] (6)
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where υ is the thermal displacement,
.
υ = T, and k∗ is the rate of the thermal conductivity.

However, the simplified heat conduction equation can be rewritten using the thermal
memory as follows [27]:

(1 + τ0
∂

∂t
)q = −k∇ϕ− k∗∇υ (7)

According to the generalized Moore–Gibson–Thompson theory of photothermoelas-
ticity (MGTPTE), Equations (5) and (7) can be used to derive the general heat conduction
equation in the context of the two-temperature theory, which is expressed as follows [32]:

(1 + τ0
∂

∂t
)(ρcE

∂2T
∂t2 + γθT0

..
e−

Eg

τ

∂N
∂t

) = [k∇2 .
ϕ + k∗∇2 ϕ] (8)

The MGTPTE theory is the generalization form of the LS theory and the type III GN
theory (GN-III).

The constants Eg, (µ, λ), DE, τ, ρ, k, and T0 represent the semiconductor energy gap,
Lame’s elastic constants, the carrier diffusion coefficient, the carrier lifetime, the density,
and the semiconductor’s thermal conductivity respectively. On the other hand, the volume
of thermal expansion is γθ = (3λ + 2µ)αt, where αt expresses the coefficient of thermal
expansion, γn = (3λ + 2µ)dn, dn is the ED coefficient, and δij represents the Kronecker

delta. In the xz plane, the displacement vector can be chosen as
⇀
u = (u, 0, w), where

the components are u(x, z, t) and w(x, z, t) with the strain e = ux + wz. According to the
two-temperature theory with the positive two-temperature parameter α, the relationship
between conduction temperature ϕ and the dynamic temperature T can be given as follows:

ϕ− T = α(
∂2

∂x2 +
∂2

∂z2 )ϕ (9)

In the case of α = 0, the one-temperature theory is obtained, where ϕ = T. When the body
forces absence, the constitutive equations under the influence of initial stress are as follows:

σxx = (2µ + λ)
∂u
∂x

+ λ
∂w
∂z
− (2µ + 3λ)(γT + dnN)− P (10)

σzz = (2µ + λ)
∂w
∂z

+ λ
∂u
∂x
− (2µ + 3λ)(γT + dnN)− P (11)

σxz = s1
∂u
∂z

+ s2
∂w
∂x

(12)

where s1 = (µ + P
2 ) , s2 = (µ− P

2 ).

3. Formulation of the Problem

According to the generalized MGTPTE, the equation can be rewritten in the 2D defor-
mation under the effect of the rotational field with the influence of the initial hydrostatic
stress in the following form:

ρ( ∂2u
∂t2 −Ω2u + 2Ω ∂w

∂t ) =

(λ + 2µ− P
2 )

∂2u
∂x2 + (µ− P

2 )
∂2u
∂z2 + (λ + µ− P

2 )
∂2w
∂x∂z − γ ∂T

∂x − γn
∂N
∂x

}
(13)

ρ( ∂2w
∂t2 −Ω2w + 2Ω ∂u

∂t ) =

(λ + 2µ− P
2 )

∂2w
∂z2 + (µ− P

2 )
∂2w
∂x2 + (λ + µ− P

2 )
∂2u
∂x∂z − γ ∂T

∂x − γn
∂N
∂x

}
(14)

The scalar and vector functions Π(x, z, t) and ψ(x, z, t) can be utilized in terms of the
displacement components to further simplify the equation, which can be written in the
following non-dimensional form:

u =
∂Π
∂x

+
∂ ψ

∂ z
, w =

∂Π
∂z
− ∂ ψ

∂ x
(15)
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The following non-dimensional variables can be used for simplicity:

(x′, z′, u′, w′) = (x,z,,u,w)
CT t∗ , (T′, ϕ′) = γ(T,ϕ)

(2µ+λ− P
2 )

, N′ = γn N
(2µ+λ− P

2 )

σ′ = σ
µ , e′ = e, (Π′, Ψ′) = (Π,Ψ)

CT2t∗ ,P′ = P
µ , Ω′ = t∗Ω, (t′, τ′0) =

(t,τ0)
t∗

(16)

Dropping the dashes and using Equation (15), the main equations can be rewritten in
the following form:

(∇2 − q1 − q2
∂

∂t
)N + ε3 T = 0 (17)

(k ∂
∂t + k∗t∗)∇2 ϕ− ε4(1 + τ0

∂
∂t )

∂2T
∂t2 − ε1(1 + τ0

∂
∂t )(

∂2

∂t2∇2Π)+

ε2(1 + τ0
∂
∂t )

∂N
∂t = 0

}
(18)

(∇2 + Ω2 − ∂2

∂t2 )Π + 2Ω
∂Ψ
∂t
− T − N = 0 (19)

(∇2 − β2 ∂2

∂t2 + β2Ω2)Ψ− 2β2Ω
∂Π
∂t

= 0 (20)

ϕ− T = α∇2 ϕ (21)

In the above equations, the main coefficients are

q1 = kt∗
DEρτCe

, q2 = k
DEρCe

, ε1 = γ2t∗T0
kρ , ε2 =

αT Egt∗k
dnρτCe

, ε3 = dnkκt∗
αTρCeDE

ε4 = ρ Cet∗CT
2, β2 = CT

2

CL2 , CT
2 =

2µ+λ− P
2

ρ , CL
2 =

µ− P
2

ρ ,γn = (2µ + 3λ)dn,

t∗ = k
ρCeC2

T
, γ = (2µ + 3λ)αt

(22)

where the symbols ε1, ε2, and ε3 refer to the thermoelasticity, the thermal energy, and the
thermoelectric coupling parameters respectively. On the other hand, the non-dimensional
stress component can be rewritten in the following form:

σxx =
2µ + λ

µ

∂2Π
∂x2 + 2

∂2Ψ
∂x∂z

+
λ

µ

∂2Π
∂z2 −

2µ + λ

µ
( T + N)− P (23)

σzz =
2µ + λ

µ

∂2Π
∂z2 − 2

∂2Ψ
∂x∂z

+
λ

µ

∂2Π
∂x2 −

2µ + λ

µ
( T + N)− P (24)

σxz =
s1

µ

∂2Ψ
∂z2 + 2

∂2Π
∂x∂z

− s2

µ

∂2Ψ
∂x2 (25)

4. The Solution of the Problem

The normal-mode approach, which is described as follows, can be used to solve
Equations (17)–(21) for the physical variables:

[Π, Ψ, ϕ, T, σij, N](x, z, t) = [Π∗(x), Ψ∗(x), ϕ∗(x), T∗(x), σij
∗(x), N∗(x)] e(ωt+ibz) (26)

Equation (26) has the complex circular frequency ω and the imaginary unit i =
√
−1.

On the other hand, the wave number is b in the z-direction, and the amplitudes of the main
physical fields are Π∗, Ψ∗, ϕ∗, T∗, N∗, and σij

∗. Equations (17)–(21), which are defined by
the normal-mode approach stated in Equation (26), have the following forms:

(D2 − α1)N∗ + ε3 T∗ = 0 (27)

α2(D2 − b2)ϕ∗ − α3T∗ − α4(D2 − b2)Π∗ + α5N∗ = 0 (28)

(D2 − α6)Π∗ + α7Ψ∗ − T∗ − N∗ = 0 (29)
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(D2 − α8)Ψ∗ − α9Π∗ = 0 (30)

(D2 − A1)ϕ∗ + β∗ T∗ = 0 (31)

The stress components also take the following forms:

σxx
∗ = V1D2Π∗ −V2b2Π∗ + 2ibDΨ∗ −V1( T∗ + N∗) (32)

σzz
∗ = −V1b2Π∗ + V2D2Π∗ − 2ibDΨ∗ −V1( T∗ + N∗) (33)

σxz
∗ = 2ibDΠ∗ − (V3D2 + V4b2)Ψ∗ (34)

The main quantities in the above system can be written as follows:

D = d
dx , α1 = b2 + q1 + q2, α2 = kω + k∗t∗, α3 = ε4(1 + τ0ω)ω2, α4 = ε1(1 + τ0ω)ω2,

α5 = ε2(1 + τ0ω)ω, α6 = b2 + ω2 −Ω2, α7 = 2Ωω, α8 = b2 + β2ω2 − β2Ω2,

α9 = 2Ωωβ2 A1 = b2 + β∗, β∗ = 1
α , V1 =

(2µ+λ)
ρ , V2 = λ

µ , V3 = s2
µ , V4 = s1

µ ,

V5 = α6 + α8, V6 = α6α8 + α7α9

(35)

If—and only if—the factor matrix’s determination vanishes, then the system of
Equations (27)–(31) has a non-trivial solution, which can be represented as follows:∣∣∣∣∣∣∣∣∣∣

0 0 0 (D2 − α1) ε3
−α4(D2 − b2) 0 α2(D2 − b2) α5 −α3
(D2 − α6) α7 0 −1 −1
−α9 (D2 − α8) 0 0 0

0 0 (D2 − A1) 0 β∗

∣∣∣∣∣∣∣∣∣∣
= 0 (36)

Using an elimination method between Equations (27) and (31), we can derive the
partial differential equation from the eighth order as follows:[

D8 − ED6 + FD4 − GD2 + H
]

T∗(x) = 0 (37)

The principle coefficients of Equation (37) take the following form:

E = 1
A3
(−β∗b2α2 − β∗α1α2 − β∗α2α6 − β∗α2α8 − b2α4 − A1α3 − A1α4 − α1α3 − α1α4−

α3α6 − α3α8 − α4α8 − α4ε3 + α5ε3)

}
, (38)

F = 1
A3
(b2 A1α4 + b2α1α4 + b2α4α8 + b2α4ε3 + A1α1α3 + A1α1α4 + A1α3α6 + A1α3α8+

A1α4α8 + A1α4ε3 − A1α5ε3 + α1α3α6 + α1α3α8 + α1α4α8 + α3α6α8 + α3α7α9 + α4α8ε3−
α5α6ε3 − α5α8ε3 + β∗b2α1α2 + β∗b2α2α6 + β∗b2α2α8 + β∗α1α2α6 + β∗α1α2α8+
β∗α2α6α8 + β∗α2α7α9 )

, (39)

G = 1
A3

(
−β∗b2α1α2α6 − β∗b2α1α2α8 − β∗b2α2α6α8 − β∗b2α2α7α9 − β∗α1α2α6α8−

β∗α1α2α7α9 − b2 A1α1α4 − b2 A1α4α8 − b2 A1α4ε3 − b2α1α4α8 − b2α4α8ε3−
A1α1α3α6 − A1α1α3α8 − A1α1α4α8 − A1α3α6α8 − A1α3α7α9 − A1α4α8ε3 + A1α4α6ε3+
A1α5α8ε3 − α1α3α6α8 − α1α3α7α9 + α5α6α8α3 + α5α7α9α3)

, (40)

H = 1
A3
(β∗b2α1α2α6α8 + β∗b2α1α2α7α9 + b2 A1α1α4α8 + ε3α8α4 A1b2 + A1α1α3α6α8

+A1α1α3α7α9 − ε3α8α6α5 A1 − ε3α9α7α5 A1)

}
. (41)

The factorization of the preceding Equation (37) is as follows:

(D2 − k1
2)(D2 − k2

2)(D2 − k3
2)(D2 − k4

2) T∗ = 0. (42)
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where the roots of the following characteristic equation are kn
2(n = 1, 2, 3, 4):

k8 − Ek6 + Fk4 − Gk2 + H = 0 (43)

The solution of Equation (43) can be rewritten in a linear form when x → ∞ , as follows:

T∗ =
4

∑
n=1

Mn(b, ω) e−knx (44)

Using the same method yields

Π∗ =
4

∑
n=1

H1n Mn(b, ω) e−knx, (45)

N∗ =
4

∑
n=1

H2n Mn(b, ω) e−knx, (46)

ϕ∗ =
4

∑
n=1

H3n Mn(b, ω) e−knx, (47)

Ψ∗ =
4

∑
n=1

H4n Mn(b, ω) e−knx, (48)

u∗(x) = DΠ∗ + ibΨ∗ =
4

∑
n=1

Mn(b, ω)n(−H1n kn + ib H4n )e−knx, (49)

w∗(x) = ibΠ∗ − DΨ∗ =
4

∑
n=1

Mn(b, ω)(ibH1n + H4nkn)e−knx. (50)

where

H1n =
(kn

2 − α1 − ε3)(kn
2 − α8)

(kn2 − α1)(kn4 −V5kn2 + V6)
, (51)

H2n =
−ε3

(kn2 − α1)
, (52)

H3n =
−β∗

(kn2 − A1)
, (53)

H4n =
−α9H1n

(kn2 − α8)
. (54)

where Mn(n = 1, 2, 3, 4) are some parameters depending on b and ω. On the other hand,
the stress components can be rewritten in terms of Mn as follows:

σ∗xx =
4

∑
n=1

hn Mn(b, ω) e−knx, (55)

σ∗zz =
4

∑
n=1

h′n Mn(b, ω) e−knx, (56)

σ∗xz =
4

∑
n=1

h′′ n Mn(b, ω) e−knx, (57)

where
hn = H1n(V1kn

2 −V2b2)− 2ibkn H4n −V1(1 + H2n), (58)

hn
′ = −H1n(V1b2 −V2kn

2) + 2ibknH4n −V1(1 + H2n), (59)
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hn
′′ = −2ibknH1n − (V3kn

2 + V4b2)H4n. (60)

5. Boundary Conditions

The parameters Mn are determined in this section. In the physical problem, we
should suppress the positive exponentials that are unbounded at infinity. The variables
M1, M2, M3, M4 must be selected so that the surface boundary conditions at x = 0
(assuming the boundary is adjacent to the vacuum) have the following form:

The traction load on the half-space is the first mechanical normal boundary condition
and has the following form:

σxx(0, z, t) = −p1e(ωt+ibz). (61)

Having no traction on the half-surface space is the second mechanical boundary condition:

σxz(0, z, t) = 0. (62)

The isothermal condition at the boundary x = 0 is thermally insulated:

∂T(0, z, t)
∂x

= 0. (63)

The carriers have a limited chance of recombining when they reach the sample’s
surface during the diffusion process. Therefore, the carrier density’s boundary condition
can be as follows:

∂N(0, z, t)
∂x

=
s

DE
N. (64)

The following equations can be obtained by substituting the expressions of the vari-
ables taken into consideration into the boundary conditions above:

4

∑
n=1

hn Mn(b, ω) = −p1, (65)

4

∑
n=1

hn
′′ Mn(b, ω) = 0, (66)

4

∑
n=1

kn Mn(b, ω) = 0, (67)

4

∑
n=1

kn H2n Mn(b, ω) =
−s
DE

N. (68)

To determine the values of the four constants of Mn, a set of four equations is derived
by using the boundary conditions (65)–(68) at the plate’s surface x = 0. These constant
values are obtained by applying the matrix’s inverse method. As a result, we can deduce
the plate’s physical quantity expressions.

6. Stability
6.1. The Base State

The system of Equations (17)–(21) has a steady solution Nb(x), φb(x), Πb(x), ψb(x),
and Tb(x), respectively, featuring a uniform longitudinal quantity expansion flow extension
depending only on the horizontal direction x, without time. For this basic solution, the
equations are reduced to

d2Nb(x)
dx2 − q1Nb(x) + ε3Tb(x) = 0, (69)
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d2 ϕb(x)
dx2 = 0, (70)

d2 Πb(x)
dx2 + Ω2Πb(x)− Tb(x)− Nb(x) = 0, (71)

d2 Ψb(x)
dx2 + β2Ω2Ψb(x) = 0, (72)

ϕb(x)− Tb(x) = α
d2 ϕb(x)

dx2 . (73)

On the other hand, the boundary conditions corresponding to the basic stress compo-
nents and temperature gradient at x = 0 are as follows:

d2 Πb(x)
dx2 − (Tb + Nb) =

p− p1

2µ + λ
µ,

d2 Ψb
dx2 = 0,

d2 Tb
dx2 = 0,

dNb
dx

=
s
pe

N0b. (74)

The base state whose stability is of interest in this study is obtained by solving
Equations (69)–(73) for the steady unidirectional media extension in the x-direction due to
the uniform temperature gradient, rotation, and uniform carrier intensity, as follows:

ϕb(x) = ϕ′0 x + ϕ0, (75)

Ψb(x) =
Ψ1 sin[β Ω(1 + x)] + Ψ−1 sin[β Ω(1− x)]

sin(2β Ω)
, (76)

Tb(x) = T′0 x + T0, (77)

Nb(x) =
ε3 ϕ0

q1
[1 +

s
pe q1

sinh(
√

q1 x)] , (78)

Πb(x) = sin(Ω x) + ϕ0
Ω2 (1 +

ε3
q1
)− 1

Ω2 (ϕ0 +
ε3 ϕ0

q1
+ p−p1

2µ+λ µ)+
ε3 ϕ0 s

pe q1
3
2 (q1+Ω2)

sinh(
√

q1 x)

, (79)

where Ψ1 = Ψ(x = 1) , Ψ−1 = Ψ(x = −1).

6.2. Linear Stability Analysis

This section considers the effects of superimposing an infinitesimal disturbance on the
steady fields and other dynamic variables in a solid semiconductor plate that is similarly
perturbed. We assume that the superimposed infinitesimal disturbances N′, ϕ′, Π′ , Ψ′, T′

are conjugated to Nb(x), φb(x),Πb(x),ψb(x), and Tb(x), respectively, which can be written
as follows:

Π = Π′ + Πb, (80)

Ψ = Ψ′ + Ψb, (81)

ϕ = ϕ′ + ϕb, (82)

T = T′ + T, (83)

N = N′ + Nb. (84)

To determine how these slight disturbances to the base state evolved, a temporal linear
stability analysis was used. The following describes how the perturbation quantities were
expanded into Fourier modes in the z-direction with an exponential time dependence:

ϕ′(x, z, t) = ϕ̃(x) e(ωt+ibz), (85)

Ψ′(x, z, t) = Ψ̃(x) e(ωt+ikz), (86)

T′(x, z, t) = T̃(x) e(ωt+ikz), (87)
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N′(x, z, t) = Ñ(x) e(ωt+ikz), (88)

Π′(x, z, t) = Π̃(x) e(ωt+ikz). (89)

In this case, Equations (17)–(21) can be rewritten in the following form:

d2Ñ(x)
dx2 − [k2 − q1 − q2ω]Ñ(x) + ε3T̃(x) = 0, (90)

(kω + k∗t∗)( d2 ϕ̃(x)
dx2 − k2 ϕ̃(x))− ε4(1 + τ0ω)ω2T̃(x)− ε1(ω

2 + τ0ω3)[ d2Π̃(x)
dx2 −

k2Π̃(x)] + ε2(1 + τ0ω)ωÑ(x) = 0

}
, (91)

d2Π̃(x)
dx2 + [Ω2 − k2 −ω2)Π̃(x) + 2ΩωΨ̃(x)− T̃(x)− Ñ(x) = 0, (92)

d2Ψ̃(x)
dx2 + [β2(Ω2 −ω2)− k2]Ψ̃(x)− 2β2Ω ω Π̃(x) = 0, (93)

T̃(x) = (k2α− 1)ϕ̃(x)− α
d2 ϕ̃(x)

dx2 . (94)

The boundary conditions can be represented as follows:

2µ + λ

µ

d2Π̃(0)
dx2 + 2ik

dΨ̃(0)
dx

− λk2

µ
Π̃(0)− 2µ + λ

µ
[T̃(0) + Ñ(0)] + R = 0, (95)

s1k2

µ Ψ̃(0)− 2ik dΠ̃(0)
dx + s2

µ
d2Ψ̃(0)

dx2 = 0, (96)

dT̃(0)
dx

= 0,
dÑ(0)

dx
=

s
pe

Ñ0(0). (97)

Equations (90)–(94) with boundary conditions (95)–(97) are the basic equations for the
linear stability analyses.

7. Numerical Results and Discussions

Consider a numerical example for which the computational results are provided to
numerically examine the mentioned problems. For numerical simulation, silicon (Si) is the
material of choice as an example of a semiconductor. The problem’s numerical constants
(in SI units) are listed in Table 1 [33–35].

Table 1. The physical constants of the Si medium.

Unit Symbol Si Unit Symbol Si

N/m2 λ 3.64× 1010 N p 100

N/m2 µ 5.46× 1010 J/(kg K) Ce 695

K T0 800 m/s s 2

kg/m3 ρ 2330 s τ 5 × 10−5

m3 dn −9× 10−31 N α 3.688 × 10−5

m2/s DE 2.5× 10−3 Nm−2 ς1 1.475 × 1010

eV Eg 1.11 K−1 αt 4.14 × 10−6

Wm−1K−1 k 150 K−1 αt 4.14 × 10−6

The numerical results discussed above were applied to the real part of the main
physical field distributions in Figures 1–4 when the non-dimensional mechanical load was
p1 = 1 at z = −1, in the case where a short time was applied when ω = ω0 + iξ, ω0 = −0.3,
ξ = 0.1 with the wave number b = 0.9. For a small dimensionless time, the exponential
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function eωt = eω0t(cos ξt + i sin ξt) when conducting the real analysis can be chosen as
ω = ω0 (real).
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Figure 1 displays the influence of different values of time on the main quantities (which
are shown in the subfigures) relative to the horizontal distance x. The numerical computations
were calculated according to the Moore–Gibson–Thompson (MGT) model in a rotational
field under the impact of the initial hydrostatic stress. According to this figure, the wave
propagation distributions satisfy the surface conditions and reach zero (vanish) as x tends
towards infinity. This behavior for the wave propagations is physically acceptable. The
results observed in this work are consistent with the practical experiments reported in [36,37].

The numerical results in Figure 2 illustrate how the new MGT theory’s predictions
(including the MGT equation) differ from those of other photothermoelastic models under
the impact of the rotational field and initial stress. Whereas the classical thermoelastic
(CTE) model is obtained when k∗ and τ0 are zero, when k∗ = 0 only, the Lord–Shulman (LS)
model is attained; when k = τ0 = 0, the type II Green–Naghdi model (GN-II) is obtained;
and when τ0 = 0, the type III Green–Naghdi model (GN-III) is obtained. It is evident
from the results of the numerical analysis that the physical field values anticipated by the
GN-III and CTE theories are significantly higher than those predicted by the MGT theory
and other generalized models of photo-thermoelasticity. Furthermore, the generalized
photo-thermoelastic model of GN-III converges with the classical photo-thermoelastic
model (CTE), which does not break down under heat as quickly as other generalized
thermoelastic theories. This demonstrates the limitations of the GN-III model which, like
the conventional model, forecasts the dispersion of thermal waves at unrestricted speeds.
The influence of the relaxation times is observed in all of the wave propagation behavior.
This illustrates how precisely the proposed MGT model, which resolves the inconsistency
in the GN-III photothermoelasticity model, works. The obtained results offer additional
proof that, according to the LS, GN-II, and MGT theories, the values of various physical
domains would converge and act similarly.

Figure 3 displays the influence of the rotation parameters on the main wave prop-
agations of the main physical distributions with respect to the horizontal distance. The
MGT model and the effect of the initial stress were used in numerical computations to
investigate the physical wave propagation distributions. The obvious influences of the
rotation parameters on the values of wave amplitudes are shown. The wave propagation
behavior under study was significantly impacted by changes in the rotational parameters.

The impact of the initial hydrostatic stress on the main wave propagations of the
principal physical distributions relative to the horizontal distance is shown in Figure 4.
To explore the physical wave propagation distributions, numerical computations were
conducted using the MGT model and the impact of the rotational field. We observed how
the rotational parameters affect the values of the wave amplitudes. Changes in the initial
stress parameters had a major impact on the investigated wave propagation behavior.

Figure 5A–D illustrate that, in contrast to the carrier intensity perturbation—which starts
when N0b = 0—the rotation parameter disturbs the temperature and the stress components
and shifts the σxx perturbation curves without any influence on the associated thresholds.
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Figure 5. (A–D) Perturbation evolution for T(x), N(x), σxx, and σxz for the complex circular fre-
quency ωmin = −0.258 at Kmax = 0.25649 (wave number) when ε3 = −7.234118786 × 10−36 and
with three small values of the rotation parameter Ω.

Figure 6A demonstrates the stabilizing effect of the large rotation parameter values
(Ω = 104, 105 and 106), especially for the large wave number values, where b > 1 (short
waves). Figure 6B describes the effect of the small rotation parameter Ω on the stability
behavior. The non-damping (destabilizing) effect for the long waves (b � 1) is small
compared with that for the short waves. In Figure 6A,B, the complex circular frequency
ω varies against the wave number (b = K, variable not constant) for different values
of rotation parameters. On the other hand, the value of the complex circular frequency
ωmin = −0.258 and the value of the wave number bmax = Kmax = 0.25649 are required for
the medium to be stable [38–40].



Crystals 2022, 12, 1720 17 of 20Crystals 2022, 12, x FOR PEER REVIEW 19 of 22 
 

 

  
(A) (B) 

Figure 6. (A,B) Growth rate of the most dangerous mode as a function of the wave number 𝑏 for 𝜺𝟑 = −7.234118786 x10−36 and different large and small values of the rotation parameter under initial 
hydrostatic stress according to the MGT model. 

Figure 7 indicates the short-wavelength stability limit, where the growth rate de-
creases regularly when increasing the wave number b K=  (variable, from 0K = ) and 
tends towards a minimum value ω  ( 0.256410257ω = − ) when the wave number K
becomes small ( 0.25641026b = ). 

 
Figure 7. Minimum growth rate as a function of the wave number 𝐾 for 𝜀ଷ = −7.234118786 × 10−36 

in a rotational field Ω = 10 with initial hydrostatic stress according to the MGT model. 

Figure 6. (A,B) Growth rate of the most dangerous mode as a function of the wave number b for
ε3 = −7.234118786 × 10−36 and different large and small values of the rotation parameter under
initial hydrostatic stress according to the MGT model.

Figure 7 indicates the short-wavelength stability limit, where the growth rate decreases
regularly when increasing the wave number b = K (variable, from K = 0) and tends
towards a minimum value ω (ω = −0.256410257) when the wave number K becomes small
(b = 0.25641026).
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Figure 8 explains the strong damping (i.e., stabilizing) effect of the small rotation
parameter values for the first stability case, observed as the minimum negative growth rate
ω = −0.258 at K = 0.25649 (K < 1).

Crystals 2022, 12, x FOR PEER REVIEW 20 of 22 
 

 

Figure 8 explains the strong damping (i.e., stabilizing) effect of the small rotation pa-
rameter values for the first stability case, observed as the minimum negative growth rate 

0.258ω = −  at 0.25649K =  ( 1K < ). 

  
(A) (B) 

Figure 8. (A,B) Displacement components’ perturbation 𝑢ሺ𝑥ሻ and 𝑤ሺ𝑥ሻ for the complex circular 
frequency min 0.258ω = −  at max 0.25649K =  (wave number) when 𝜀ଷ = −7.234118786x10−36 

and with two small values of the rotation parameter Ω. 

In Figure 9A, the two-dimensional neutral curve decreases regularly when increasing 
b ( 0.1b > ) and tends towards a minimum value when the wave number b  becomes 
large ( 10b =   for the short wavelength ). In Figure 9B, to construct the critical hypersur-
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Figure 8. (A,B) Displacement components’ perturbation u(x) and w(x) for the complex circular
frequency ωmin = −0.258 at Kmax = 0.25649 (wave number) when ε3 = −7.234118786 × 10−36 and
with two small values of the rotation parameter Ω.

In Figure 9A, the two-dimensional neutral curve decreases regularly when increasing
b(b > 0.1) and tends towards a minimum value when the wave number b becomes large
(b = 10 for the short wavelength). In Figure 9B, to construct the critical hypersurface in
the parameter space (ε3, Ω, b), sets of critical curves in the (ε3, Ω) plane are computed for
different values of the wave number [41].
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8. Conclusions

In this study, a novel model with three parameters (i.e., thermal memories, rotation,
and initial stress) was used to examine the photo-thermoelastic behavior of semiconductor
waves. The enhanced photo-thermoelastic theory that was taken into consideration was
built on the Moore–Gibson–Thompson equation. The heat equation was derived using
the Lord–Shulman (LS) thermoelastic model, which served as the starting point. A mathe-
matical physical model of a silicon semiconductor medium was developed. The findings
of our study showed that the fundamental factors—in particular, the thermal relaxation
times, rotation parameters, and initial stress—had a significant impact on the photothermal
behavior of the major physical fields. The quantitative information leads us to the conclu-
sion that the thermal relaxation time decreases the mechanical and thermo-optical waves
along the axes. As the x-axis (distance) moves toward infinity, all functions trend to zero,
indicating the vanishing of all components for high values of x. It should also be noted that
the medium’s rate of rotation affects the complex circular frequency and the wave number,
as well as how the waves behave in many physical sectors. Applications that exploit the
vibrations of microsensor and microresonator systems can be designed and developed with
the help of the physical information offered in this study. Finally, it should be mentioned
that the findings of this study are intended to be used as criteria for confirming the results
of other mathematical methods and to aid in the design of machines.
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